Introduction {#Sec1}
============

Influenza A is one of most frequent pathogens in the world and leads to serious disease in humans and animals. One of the main problem is, that influenza infections are often followed by secondary bacterial infections resulting in complex symptoms including pneumonia^[@CR1]--[@CR5]^. Typical species, playing a role in these superinfections, are gram positive bacteria such as *Streptococcus pneumoniae*, *Staphylococcus aureus*, and *Streptococcus pyogenes*^[@CR3]--[@CR7]^. While bacterial and viral mono-infections are well known, mechanisms and interactions during co-infection processes are not sufficiently investigated yet^[@CR6],[@CR8]^. A better understanding of superinfections and diagnosis at an early stage, for choosing the right medical treatment, would be a great advantage in medicine.

Even though *S. pyogenes* plays an important role in co-infection processes^[@CR9],[@CR10]^, sparse information is available and only a few articles are focusing on co-infections involving this bacteria in combination with influenza A^[@CR9]--[@CR12]^. *S. pyogenes* is an important pathogen with a large number of situation dependent virulence factors causing angina, toxin mediated shock syndrome, and pneumonia^[@CR13]--[@CR15]^. During the binding process of influenza A onto cells, sialic acids are removed through the effect of the viral proteins hemagglutinin (HA) and neuraminidase (NA)^[@CR16]^. In this way, presence of influenza A virus can support bacterial adhesion because bacterial binding to cells without sialic acid is much easier^[@CR1],[@CR9]^. Okamoto *et al*. showed that viral HA promoted internalization of *S. pyogenes* in epithelial cells in mice^[@CR12]^.

At the moment, infection status from cells or in tissue samples can only be monitored by means of time consuming determination of cytokines or RNA^[@CR17]--[@CR19]^. One big disadvantage of these *in vitro* assays is the destruction of the cell culture which cannot be further used.

In recent years, trace gas analysis got more popular and important for basic research in different fields. Analysis of volatile organic compounds (VOCs), which are emitted from humans, animals, and cells, bears potential for non-invasive infection monitoring^[@CR20]--[@CR24]^. It is well known, that bacteria emit a broad spectrum of VOCs and studies in the past already determined VOC changes during bacterial or viral infections^[@CR25]--[@CR33]^. In an *in vivo* study, we recently found VOC changes in breath during influenza A infection in pigs^[@CR34]^. Hence, we also expected changes of VOC profiles emitted from cells during viral infections and co-infections *in vitro*.

Since these VOCs are only present in trace concentrations, highly sensitive analytical methods are necessary. A common standardized method is VOC needle-trap micro-extraction (NTME) and compound separation and identification by means of gas chromatography coupled to mass spectrometry^[@CR35]^. Analyzing VOCs during different infectious processes could provide profiles of compounds indicating viral and bacterial mono-infection and co-infections. These profiles could be compared to *in vivo* VOC profiles in order to identify potential biomarkers. This would offer a non-invasive technique for *in vitro* infection monitoring and would also raise hope for *in vivo* disease detection. Potential biomarkers could offer an alternative to common invasive examinations in health care and complement classical biochemical methods^[@CR28]--[@CR30]^. The aim of this study was to investigate VOC headspace profiles emitted from human cells mono- and co-infected *in vitro* by influenza A and *S. pyogenes*. The following questions were addressed in detail:Do VOC profiles change over time in biological cultures?Are there differences in VOC profiles between viral-, bacterial-, and co-infections?Can emitted compounds be linked to inflammation and do they mirror infection in cells?

Results {#Sec2}
=======

VOC headspace analysis {#Sec3}
----------------------

73 substances were detected in headspaces above cultures. From these substances only 64 were consistently above LOQ (Fig. [1](#Fig1){ref-type="fig"}). Out of these, we excluded obviously exogenous compounds, such as ethanol or 2-butanone (ingredients of disinfectants). If concentration differences between control group and infected group were below 10%, substances were also sorted out. Target VOCs were only considered for detailed evaluation when concentrations above the cultures showed reproducible changes during the infection progress. Identification of the selected target compounds was then validated by means of pure reference substances, substance concentrations were determined by means of calibration in the relevant concentration range (see method section).Figure 1Heatmap: Target response of each compound normalized onto maximum concentration over 49.5 h.

Acetaldehyde, propanal and n-propyl acetate showed reproducible concentration trends within infections and reproducible differences between DMEM medium, uninfected cells, influenza A infected cells, *S. pyogenes* infected cells and co-infected cells. Since these three compounds have already been identified as potential *in vivo* biomarkers during influenza A infections and acetone is a common compound in trace (breath) gas analysis, we focused on these four compounds. Limit of detection for acetaldehyde was 1.5 nmol/L, for propanal 0.12 nmol/L, for acetone 0.12 nmol/L, and for n-propyl acetate 0.0006 nmol/L. Limit of quantification (LOQ) was determined for acetaldehyde as1.8 nmol/L, of propanal as 0.15 nmol/L, for acetone as 0.17 nmol/L, and for n-propyl acetate as 0.0009 nmol/L.

Acetaldehyde was emitted during all experiments (Fig. [2](#Fig2){ref-type="fig"}). Significant concentration differences are shown in Supplement Tables [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"}. Besides a significant increase of acetaldehyde concentrations after 25.5 hours in the pure cell medium (shown in grey), a nearly constant emission was detected from uninfected cells (shown in blue) and influenza A infected cells (shown in yellow). *S. pyogenes* infected cells (shown in green) and co-infected cells (shown in red) showed significant concentration increases after bacterial inoculation after 25.5 h and 27.5 h while concentrations were higher in *S. pyogenes* infected cells than in co-infected cells. These two concentration peaks in *S. pyogenes* infected cells and co-infected cells were significantly different from all other times of measurement within the infections and they were also significantly different from the corresponding concentrations in cell medium, uninfected cells, influenza A infected cells after 25.5 h and 27.5 h.Figure 2Acetaldehyde concentrations over 49.5 h emitted from media (grey), uninfected cells (blue), influenza A infected cells (yellow), *S. pyogenes* infected cells (green) and co-infected cells (red).

Propanal concentrations showed a significant increase (see Supplement Tables [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"}) after 25.5 h and 27.5 h in *S. pyogenes* and co-infected cells (Fig. [3](#Fig3){ref-type="fig"}).Figure 3Propanal concentrations emitted over 49.5 h from media (grey), uninfected cells (blue), influenza A infected cells (yellow), *S. pyogenes* infected cells (green) and co-infected cells (red).

Acetone concentrations showed similar trends in the time course for all investigated cultures (Fig. [4](#Fig4){ref-type="fig"}) and showed no significant differences within the cultures and between the different infection setups until 25.5 h (see Supplement Table [S5](#MOESM1){ref-type="media"}).Figure 4Acetone concentrations emitted over 49.5 h from media (grey), uninfected cells (blue), influenza A infected cells (yellow), *S. pyogenes* infected cells (green) and co-infected cells (red).

N-propyl acetate was detectable only in low concentrations in the headspace of cell culture media (Fig. [5](#Fig5){ref-type="fig"}). Statistical data on n-propyl acetate is shown in Supplement Table [S6](#MOESM1){ref-type="media"}. While concentration ranges from uninfected cells and *S. pyogenes* infected cells were nearly constant over time, influenza A infected cells and co-infected cells showed noticeable changes during measurements. Maximum concentrations were reached in both infections after 2.5 hours. Then, n-propyl acetate decreased after 20.5 h and reached a second peak after 27.5 h and 46.5 h. All statistical values are presented in Tables [S3](#MOESM1){ref-type="media"}--[S6](#MOESM1){ref-type="media"} in the Supplemental Material.Figure 5N-propyl acetate concentrations emitted over 49.5 h from media (grey), uninfected cells (blue), influenza A infected cells (yellow), *S. pyogenes* infected cells (green) and co-infected cells (red).

Host cell response {#Sec4}
------------------

### Cell viability {#Sec5}

At the end of VOC analyses (49.5 h), all experiments showed similar numbers in live, dead, and total cells/ml with lower values during the second *S. pyogenes* infection and higher values during the first co-infection. Data is shown in Supplement Table [S2](#MOESM1){ref-type="media"}. During all experiments cell viability varied between 57.6% and 93.8% after the last VOC analysis at hour 49.5 as shown in Table [S2](#MOESM1){ref-type="media"}. Cell diameter was nearly the same after all infections as shown in Supplement Table [S2](#MOESM1){ref-type="media"}.

### Secretion of Interleukin-6 and Interleukin-8 {#Sec6}

Interleukin-6 concentrations in uninfected cells (shown in blue), *S. pyogenes* infected cells (shown in green), and co-infected cells (shown in red) did not show any significant differences from each other. Concentrations of Interleukin-6 was higher in the supernatant of co-infected cells (shown in red) compared to influenza A mono-infected cells (shown in yellow) after 2.5 h, 20.5 h, and 25.5 h (Fig. [6](#Fig6){ref-type="fig"}). After 27.5 h, 46.5 h and 49.5 h Interleukin-6 showed the same trend in co-infected cells as in uninfected cells.Figure 6Interleukin-6 concentrations determined from uninfected cells (blue), influenza A infected cells (yellow), *S. pyogenes* infected cells (green) and co-infected cells (red) from the 24-well plate experiment over 49.5 hours. Significance was tested by means of Two-way ANOVA; \*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001, \*\*\*\*p ≤ 0.0001.

Interleukin-8 concentrations increased in uninfected cells over the time of the experiment. Influenza A mono-infected cells showed significantly higher Interleukin-8 concentrations compared to uninfected cells, *S. pyogenes* infected cells and co-infected cells (shown in red) after 27.5 h, 46.5 h, and 49.5 h. IL-8 concentrations increased after 20.5 h in *S. pyogenes* infected cells before it decreased significantly until the end of the experiment. Co-infected cells secreted similar amounts of Interleukin-8 as uninfected cells (shown in blue) after 2.5 h and 20.5 h as shown in Fig. [7](#Fig7){ref-type="fig"}. IL-8 concentration in co-infected cells decreased in a similar way as in *S. pyogenes* infected cells after 25.5 h and 27.5 h until it was not detectable anymore after 46.5 h and 49.5 h.Figure 7Interleukin-8 concentrations determined from uninfected cells (blue), influenza A infected cells (yellow), S. pyogenes infected cells (green) and co-infected cells (red) from the 24-well plate experiment over 49.5 hours. Significance was tested by means of Two-way ANOVA; \*p ≤ 0.05, \*\*p ≤ 0.01, \*\*\*p ≤ 0.001, \*\*\*\*p ≤ 0.0001.

### Bacterial adherence and internalization {#Sec7}

The bacterial numbers in the supernatant reached 10^5^ CFU/ml at 1.5 h following bacterial inoculation. After adding antibiotics after 46.5 hours, no bacteria were detectable anymore. Bacteria were able to adhere to and to invade infected cells during mono-infection and co-infection (Fig. [8](#Fig8){ref-type="fig"}). 2--4% Bacteria adhered to the host cells Fig. [8(A)](#Fig8){ref-type="fig"}, whereas 0.3--1.6% of *S. pyogenes* was shown to invade into infected cells Fig. [8(B)](#Fig8){ref-type="fig"}. Bacterial number in the supernatant and internalized bacteria were higher during the co-infection compared to the *S. pyogenes* mono-infection.Figure 8Bacterial adherence and invasion. (**A**) adherent and (**B**) internalized bacteria following *S. pyogenes* mono-infection and co-infection. Sample size n = 2.

Discussion {#Sec8}
==========

*In vitro* VOC profiling during (co-)infections was possible by an adapted set-up and NTME-GC-MS analysis. We were able to identify and quantify volatile compounds over cell cultures in trace concentrations from nmol/L to pmol/L. Acetaldehyde and propanal concentrations increased significantly when *S. pyogenes* was present. In agreement with previous *in vivo* studies in pigs during an influenza A infection, n-propyl acetate was emitted in significantly higher concentrations from cells during influenza A infection^[@CR34]^. Thus, n-propyl acetate is one of the first VOCs that could be identified as potential biomarker *in vivo* and could be verified on the cellular level *in vitro*. During co-infection we detected high concentrations of acetaldehyde, propanal, and n-propyl acetate.

The infection set-up was designed by combining two standardized microbiological methods of cultivation and infection for influenza A virus and *S. pyogenes*. To reduce potential confounding effects from the cell media, we analyzed effects of MEM medium addition during the *S. pyogenes* mono-infection and DMEM medium addition during the influenza A mono-infection^[@CR21],[@CR36]^. Thus, we can presume that VOC changes do not occur due to medium addition but due to pathogen inoculation itself.

Although co-infection with influenza and bacteria usually takes place in the airways, we used pharynx carcinoma (Detroit) cells as infection model. These cells were chosen as they have widely been used in research of bacterial pathogenesis, especially concerning *S. pyogenes* adherence and internalization. Although the specific experiments (viral, bacterial, co-infection) were only done with two replicates, due to the experimental setup VOC analyses from the influenza A mono-infection were actually repeated four times. In combination with the observed consistent changes over time and the clear and distinct changes in VOC concentrations, results concerning influenza infection can be regarded as reproducible and robust. An additional confirmation of the validity of our data can be seen in the fact that results of the *in vitro* study are in agreement with our previous *in vivo* study in pigs during influenza A infection.

To monitor the infection status at the times of VOC analysis, co-infections were repeated in a 24-well-plate assay. Cell counting from petri dishes would only have been possible after the last VOC analysis and not during the experiment because cell counting would have affected cell cultures and VOC emissions.

Hence, cell counting was done in 24 well plates at each time of VOC analysis. Comparison of cell numbers from the petri dishes after the last VOC analysis with cell numbers in the additional 24 well plate approach showed similar values. This means, that both approaches the petri dishes and the 24 well-plates were well comparable. Since we started the experiment with already confluent Detroit cells, cell numbers did not change significantly during the experiment. Hence, correction of VOC emissions for cell growth was not done. Using our inert and standardized *in vitro* measurement system for VOC headspace sampling, we were able to obtain reproducible analyses within different infection setups. Results from the three NTDs, we sampled at each time point of VOC analysis showed (relative) variations lower than 10%. I.e. dilution effects due to consecutive sampling of three NTDs did not occur. Thus, we analyzed culture emissions produced within 1 h during each VOC analysis, with reduced surrounding confounders and without destroying the cell cultures^[@CR37]^. Identification of compounds of interest was performed by validation with pure reference substances and not just by comparing the mass spectra with a database.

DMEM medium and uninfected cells showed nearly constant concentrations of relevant VOC biomarkers over the experimental time. Higher acetaldehyde emissions at the beginning of the experiment could result from the fresh preparation of the medium. Since the emissions of acetone showed the same trend in uninfected cells, infected cells and the DMEM medium, acetone emissions may be related to DMEM medium. For some other compounds, we detected considerable differences in emissions between the different infection setups. Concentration of acetaldehyde and propanal were only increasing significantly after bacterial inoculation in the *S. pyogenes* mono-culture and co-culture. Since these high emissions were not detected in DMEM medium, uninfected cells or influenza A infected cells, it seems that emissions of these two compounds depend on bacterial metabolism or host cell infection. Emissions of propanal were significantly higher during the co-infection process compared to the bacterial mono-infection. It is known, that simultaneous presence of influenza A and *S. pyogenes* can lead to relevant interactions between virus and bacteria. Removing sialic acid by viral neuraminidase for example leads to a better adherence of bacteria^[@CR16],[@CR38],[@CR39]^. We detected a higher number of bacteria and more internalized bacteria during the co-infection process compared to the *S. pyogenes* mono-infection. So, the higher emissions of propanal during the co-infection process could result from increased oxidative stress in Detroit cells after increased bacterial internalization caused by the virus presence.

Interleukin-6 and -8 are general markers of inflammation and infection^[@CR40],[@CR41]^. While IL-6 secretion did not change significantly following (co-)infection, interleukin 8 secretion increased significantly in influenza A mono-infected cells and, therefore, mirrors viral infection in Detroit cells. IL-8 concentrations decreased in *S. pyogenes* mono-infected and co-infected cells, most probably due to degradation of IL-8 through the cell envelope proteinase (SpyCEP), which is produced by the bacteria^[@CR42]^. As bacterial load and the number of adherent bacteria increased after inoculation with *S. pyogenes* in mono-infected and co-infected cells, decreased IL-8 concentrations in the presence of *S. pyogenes* mirror bacterial infection of Detroit cells in our model. Since concentrations of acetaldehyde and propanal also increased at these times, one might assume, that emissions of acetaldehyde and propanal may mirror bacterial load and numbers of adherent bacteria. Bacterial number was well controlled in the 24 well-plates and did not correlated with VOC emissions. It is well known, that VOC emissions from cultures do often not correlate with bacterial density but rather with the growing phase of the bacteria. Previous studies already showed that lower numbers of bacteria may emit much higher concentrations of certain VOCs than a much higher number of bacteria^[@CR43]^. Acetaldehyde and propanal were already detected in streptococcal species in the past and it is well known, that acetaldehyde can also be produced by *S. pyogenes* as shown in Fig. [S1](#MOESM1){ref-type="media"} ^[@CR29]^. Hence, high concentrations of acetaldehyde and propanal can result from the bacteria themselves^[@CR44]^. Another explanation of acetaldehyde and propanal origins could be oxidative stress induced in the cells during bacterial presence (Fig. [S1](#MOESM1){ref-type="media"}). In general, infections can cause oxidative stress leading to oxidation of unsaturated fatty acids^[@CR26],[@CR45],[@CR46]^. Products of this process can be acetaldehyde and propanal^[@CR47]^.

As n-propyl acetate was only detectable in high concentrations during virus presence in the viral culture and co-cultures, this substance mirrors influenza A infection^[@CR1]^. In the past, n-propyl acetate was detected from human fibroblasts (HFB), hepatocellular carcinoma cells (HepG2), and primary human bronchial epithelial cells (HBEpC)^[@CR48]--[@CR50]^. Since influenza A has not any metabolism of its own, n-propyl acetate emissions can only result from interactions between virus and cells^[@CR25]^.

Influenza A expresses the surface antigen hemagglutinin, which binds to sialic acid from the cell surface. Virus is absorbed by the cell through receptor induced endocytosis. This complex process includes actions of the enzyme neuraminidase, clathrin and a lot of other proteins. Therefore, n-propyl acetate could result from this binding process or from the endocytosis. In both cases, the substance mirrors the viral infection^[@CR51],[@CR52]^. Another hypothesis would be that n-propyl acetate occurs from cell metabolism induced during the infection process. Studies in the past described a modified energy production during viral infections^[@CR53]^. Hence, higher concentrations of the ester n-propyl acetate could result from changes in cell metabolism as product of acetate and C3 compounds from other pathways. Emissions of n-propyl acetate showed high variations during influenza A mono-infection. Release of n-propyl acetate is most probably due to cell-virus interactions^[@CR48]^, as viruses do not have their own metabolism. As emissions of n-propyl acetate from uninfected cells and *S. pyogenes* infected cells showed only minor changes, varying concentrations of n-propyl acetate mirror dynamic interactions between cells and influenza A virus rather than variations induced by methodology or analytical techniques.

Recently described *in vivo* VOC monitoring showed an increase of acetaldehyde, propanal and n-propyl acetate concentration in pigs' breath during an influenza A infection^[@CR34]^. In our *in vitro* study acetaldehyde and propanal concentration increased only in bacterial infection and co-infection and not during virus presence. Although pigs were only infected with influenza A and not with bacteria, acetaldehyde and propanal concentration increased in pigs' breath during the viral infection, too. Since pigs have a natural bacterial population in the respiratory tract, high concentrations of acetaldehyde and propanal could result from interactions between virus and the natural microbiome in pigs during the influenza A infection. N-propyl acetate was emitted in highest concentrations in pigs' breath during the influenza A infection. Since we already detected these high concentrations of n-propyl acetate *in vivo* and since it was emitted in significant higher concentrations in presence of influenza A *in vitro*, it seems that n-propyl acetate could serve as a potential biomarker for H1N1 infections.

To our knowledge, this is the first time that a compound identified as potential *in vivo* biomarker was also found during *in vitro* studies involving the same virus type. N-propyl acetate increased during infection *in vivo* and *in vitro* and could be used for a destruction free influenza A infection monitoring. Although emissions of acetaldehyde and propanal are not specific for *S. pyogenes* infections, the combination of all compounds is useful for recognition and monitoring of co-infections *in vitro*. From our results it is obvious that volatile emissions of cells differ, when cells are infected with viruses or bacteria. Based on these findings, non-invasive or even continuous monitoring of (co-)infection processes *in vitro* could become feasible. Such a monitoring could help to understand time course and basic mechanisms (such as cell adherence) of infections e.g. as some volatile marker substances have also been observed during viral infections *in vivo*. Further studies are necessary to check, if these results can be translated into clinical settings. Nevertheless, our study provides important and promising results for translational research in future and could help to understand course and basic mechanisms of (co)infections.

VOC analysis could enable non-invasive and destruction-free monitoring of influenza A infection status in cells *in vitro*. Characterizing a biomarker for influenza A infections would be a big step for breath gas analysis and could enable a non-invasive tool for cell culture observation and - in a perspective - foster diagnosis and monitoring of infections.

Materials and Methods {#Sec9}
=====================

Cultivation of cultures {#Sec10}
-----------------------

### Eukaryotic cells {#Sec11}

Madin-Darby canine kidney (MDCKII, Sigma-Aldrich/Merck, Darmstadt, Germany) cells were used for the cultivation of virus and virus titration. Homo sapiens pharynx carcinoma cells (Detroit 562, CLS, Eppelheim, Germany) were used for adherence assays and VOC analysis.

The MDCKII cells were maintained in MEM medium (Sigma-Aldrich/Merck, Darmstadt, Germany) with 2 mM L-glutamine and 5% fetal bovin serum (v/v, FBS, Sigma-Aldrich/Merck, Darmstadt, Germany) and the Detroit cells were cultivated in Dulbecco's Modified Eagle's medium (DMEM, Gibco, Thermofischer, Darmstadt, Germany) with 10% FBS.

Both cell lines were incubated at 37 °C in a 5% CO~2~ atmosphere. For the VOC analysis, two glass petri dishes with Detroit cells were prepared in DMEM.

### Influenza A virus {#Sec12}

Influenza A Virus A/Bayern/74/2009 (H1N1pdm09) (IAV) was kindly provided from the Federal Research Institute for animal health (FLI, Riems, Germany). MDCK II-cells were prepared in MEM-medium containing 14% bovine serum albumin (35%, MP Biomedicals, Eschwege Germany), 10000 Unit/ml penicillin/streptomycin (v/v, Gibco, Thermofischer, Darmstadt, Germany) and 2 µg/ml N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich/Merck, Darmstadt, Germany) for the cultivation of IAV. The calculation of TCID~50~/ml was performed by following the protocol of "Virology Methods Manual, p. 374"^[@CR54]^.

### Streptococcus pyogenes {#Sec13}

*S. pyogenes* strain AP1 was kindly provided from the World Health Organization (WHO) Collaborating Centre for Reference and Research on Streptococci (Prague, Czech Republic). Bacteria were cultured in Todd-Hewitt broth (TH, Becton Dickinson, Heidelberg, Germany) at 37 °C in the presence of 5% CO~2~. Cultures were centrifuged at 4000 g for 10 min. After washing the pellet with 5 ml 1 x phosphate buffered saline (1 x PBS) (137 mM NaCl, 2,7 mM KCl, 10 mM Na~2~HPO~4~ \* 2 H~2~O, 2 mM KH~2~PO~4~), a second centrifugation at 4000 g for 10 min was done. Pellets were re-suspended in 2 ml DMEM medium and the optical density (OD~600nm~) was adjusted to 0.5. The resulting suspension was diluted 1:10.

Experimental protocol for VOC analysis and microbiological analysis {#Sec14}
-------------------------------------------------------------------

DMEM was removed from Detroit cells and attached cells were washed with 5 ml 1 x PBS. Detroit cells were inoculated with 1 ml virus suspension (8.89 ∙ 10^5^ TCID~50~/ml). After adding 6.5 ml DMEM and 1.5 ml trypsin, the cells cultures were incubated at 37 °C with 5% CO~2~ (0 h). For VOC analysis, petri dishes were incubated for 1.5 hours and placed in the *in vitro* measurement system. First VOC samples were taken after 2.5 h and 20.5 h as shown in the experimental protocol in Fig. [9(A)](#Fig9){ref-type="fig"}.Figure 9Experimental protocol for (**A**) VOC analysis and (**B**) microbiological analysis: (A-1) Two petri dishes with Detroit cells were infected with influenza A virus at hour 0 and co-infected with *S. pyogenes* after 24 hours. Times of VOC analyses are indicated by the symbol of the sampling box. After the last VOC analysis, petri dishes were used for cell counting\*. The same sampling protocol was used for virus mono-infection by adding DMEM after 24 h (A-2)) and for bacterial mono-infection by adding MEM at 0 h (A-3)), and for uninfected cells and pure DMEM by adding 1% penicillin/streptomycin. Co-infection was performed in a 24 well plate for cell counting\* and in parallel to VOC analyses, microbiological analyses were done.

For viral-bacterial co-infection experiments, 750 µl suspension containing *S. pyogenes* were added after 24 h to the influenza mono-infection. Following another 30 minutes of incubation, the next VOC analysis was performed (25.5 h). Co-cultures were returned to the incubator for 30 minutes and treated with 1% penicillin/streptomycin (26 h). Additional VOC samples were taken after 27.5 h, 46.5 h and 49.5 h.

The same experiment was performed with viral and bacterial mono-infections by adding either DMEM to the influenza infected cells or virus medium to the cells infected with *S. pyogenes* (Fig. [9(A-2,A-3)](#Fig9){ref-type="fig"}). Cell media and cell cultures were also analysed as controls by only adding antibiotics after 26 hours (Fig. [9(A-4,A-5)](#Fig9){ref-type="fig"}). Each infection was performed in two biological replicates.

After VOC analyses were completed, petri dishes were prepared for cell counting. For determining bacterial load, bacterial adherence and interleukin concentrations at all times of VOC analyses identical experiments were performed in 24 well plates as shown in Fig. [9(B)](#Fig9){ref-type="fig"}. Uninfected cells served as control.

Although the specific experiments (viral, bacterial, co-infection) were only done with two replicates, the first 3 stages of all experiments happened under identical conditions. These ten parallel assays done at (at least) three different times enabled us to assess variations induced from media, cell growth and analytical procedures.

In addition, controls consisting of pure media and cells + media were analyzed in parallel for any stage of the experiment. The first time points of influenza A mono-infection and co-infection were exactly the same, as we always inoculated cell cultures with influenza A first.

VOC headspace analysis {#Sec15}
----------------------

### Headspace sampling and VOC pre concentration {#Sec16}

Needle trap devices (NTD) (Shinwa Ltd, Japan) were pre-conditioned by flushing the adsorbent-copolymer of methacrylic acid and ethylene glycol dimethacrylate with helium (Linde AG, Germany) in a heating device (PAS Technology Deutschland GmbH, Magdala, Germany) at 200 °C for 30 min as previously described^[@CR27],[@CR31],[@CR32]^.

For VOC analysis two culture petri dishes were placed in the first measurement box of Teflon® and glass under the sterile hood. Another two petri dishes with DMEM medium, uninfected cell culture, or infected cells were placed in the second measurement box. Boxes were hermetically closed and connected to a vacuum pump as described before^[@CR27],[@CR31],[@CR32]^. A tedlar bag (SKC Eighty Four, PA, USA) was filled with 3 l synthetic clean air containing 75% N~2~, 20% O~2~ und 5% CO~2~ (Air Liquide, Düsseldorf, Germany)^[@CR31],[@CR32]^. Headspace above cultures was flushed by connecting the tedlar bag to a second adapter on the opposite side of the measurement system and using the vacuum pump. After closing the Luer-Lock adapters of the measurement system with (IN) stoppers the whole measurement system was placed in a heating chamber (Memmert GmBh + Co. KG, Schwabach, Germany) at 37 °C. After one hour, NTDs were connected to a 1 ml tuberkulin syringe (B Braun, Melsungen, Germany) and pushed through the septum of the IN stopper into the box headspace. VOC pre-concentration was done by sampling 50 ml headspace air at ambient pressure and 37 °C bi-directionally as described before^[@CR27],[@CR31],[@CR32]^. From each measurement box, three replicates were taken. After sampling, NTDs were closed with Teflon caps (Shinwa Ltd, Japan) until GC-MS analysis was performed. Measurement boxes were opened under the sterile hood. Petri dishes were removed and placed back into the incubator at 37 °C. After cleaning the boxes with disinfectants, they were stored in the heating chamber at 50 °C until the next experiments.

### VOC identification and calibration {#Sec17}

VOC separation and identification were done as previously described^[@CR27],[@CR31],[@CR32]^. An Agilent 7890 A gas chromatograph coupled to an Agilent 5975 C inert XL MSD with triple axis detector was used. VOCs were thermally desorbed from NTD and analyzed applying the parameters listed in Table [1](#Tab1){ref-type="table"}.Table 1Parameters of analysis by means of gas chromatography coupled with mass spectrometry.Gas chromatographAgilent 7890ADesorptionthermalInjector temperature200 °CModesplitless mode (60 s)Column60 m RTX- 624 column 6%(Cyanopropylphenyl/94% dimethyl polysiloxane)Column thickness0.32 mm ID, 1.8 μmCarrier gasheliumCarrier gas flow1.5 ml/minTemperature program40 °C for 5 min, 8 °C/min to 120 °C for 2 min, 10 °C/min to 220 °C,20 °C/min to 240 °C for 4.5 min**MSD with triple axis detectorAgilent 5975C inert XL**Ionizationelectron impact ionization (EI −70 eV)Scan modeSIM Ionsfull scan mode with mass range 35--250 amu41, 43, 53, 57, 62, 67, 72, 91, 106, 116, 123Scan rate2.73 scan/s

VOC GC-MS data was analyzed in selected ion monitoring (SIM) modus by using the MSD ChemStation (Agilent Technologies, Germany) and detected VOC mass spectra were compared to the NIST MS search data base (Version 2.0). 10 blank NTDs were analyzed for calculating limits of detection as a signal-to-noise ratio of 3:1, whereas limits of quantification corresponded to a signal-to-noise ratio of 10:1^[@CR27],[@CR31],[@CR32]^. Calibration and compound verification of potential marker compounds was done by using the pure reference substances shown in Supplement Table [S1](#MOESM1){ref-type="media"}.

For quantification, aqueous solutions of reference substances were evaporated by means of a liquid calibration unit (LCU, Ionicon Analytik GmbH, Innsbruck, Austria). Concentration levels of the gas standards were prepared from 1 ppb to 500 ppb by diluting the standards with nitrogen and water with a matrix adapted humidity of 25 g/m^3^ as previously described^[@CR31],[@CR32]^. Evaporated standard gas was pre concentrated onto NTDs and analyzed by GC.MS.

Limits of detection (LOD) and limits of quantification (LOQ) were calculated by comparison of (measured) calibration values to the measured baseline noise. Baseline values were calculated by analyzing 10 blank NTDs after pre-conditioning. LODs and LOQs were calculated by using the triple (LOD) respectively the tenfold (LOQ) standard deviation added to the arithmetic mean of baseline noise from 10 blank NTDs.

Analyses of cells and bacteria {#Sec18}
------------------------------

### Cell viability and cell concentration {#Sec19}

Cell viability and cell concentration was determined using the Nucleo Counter® NC-200™ (Chemometec, Aflerod, Denmark). Cells were treated with acridine orange and 4,6-diamidino-2-phenylindole (DAPI) and analyzed by fluorescence cytometry using the "Viability and Cell Count Assay"^[@CR34]^.

### Determination of interleukins {#Sec20}

For monitoring the infection status of the cells, interleukin-6 and -8 were determined by means of Bio-Plex Pro™ Human Cytokine Assays (Bio-Rad Laboraties GmbH, Munich, Germany) by following the instruction manual.

### Bacterial adherence assay {#Sec21}

At each time point of VOC analysis, bacterial adherence to Detroit cells was quantified using the antibiotic protection assay^[@CR55]^. 24 well plates were inoculated with 4.5 × 10^5^ cells/ml in DMEM without antibiotics. Cells were allowed to grow until confluence. Before the assay, cells were washed twice with 1 × PBS and then incubated with virus suspension (8.89 × 10^5^ TCID~50~/ml) and 2 µg/ml trypsin within 1 ml DMEM at 37 °C. After 24 hours, 100 µl of bacterial suspension was inoculated. Two hours after bacterial infection, 1% penicillin/streptomycin was added.

At every time point of VOC analysis, supernatant was plated out on TH agar to calculate colony forming units (CFU) per ml. Detroit cells were washed with 1 × PBS, detached from the well by trypsin treatment and lysed with sterile distilled water. The CFU/ml from lysed cells was determined by serial dilution in 1 × PBS and plating on THY.

Statistical analysis {#Sec22}
--------------------

Data handling and correlation analysis were done by means of GraphPad Prism 6. Statistical tests were performed in SigmaPlot software (version 13.0) using a one-way repeated measures analysis of variance with post-hoc "Shapiro-Wilk" and "Student-Newman-Keuls" test. Boxplots were created by means of R software (version 3.3.2) and RStudio (version 1.0.136). Concentrations of acetaldehyde and propanal determined after 20.5 h and 27.5 h were tested for significant differences between each other within the *S. pyogenes* infection and within the co-infection. Additionally, acetaldehyde and propanal concentrations in the *S. pyogenes* cultures and co-cultures were compared to the corresponding concentrations in pure media, uninfected cells and influenza infected cells. All determined n-propyl acetate concentrations were tested for significant differences between pure medium, uninfected cells, mono-infected cells, and co-infected cells.
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